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Summary 
Between 2001 and 2009 the Water Corporation constructed three flood-compensating basins 
on farmland in the Vasse and Sabina river catchments, upstream of in the city of Busselton. 
The basins are designed to reduce the risk of flooding in urban areas of Busselton by 
temporarily storing and then regulating runoff during flood events. This report fulfils the 
reporting requirements of a contract between the Water Corporation and the Department of 
Agriculture and Food. Data relating to the local groundwater and surface-water dynamics, 
salinity, nutrients and pH, plus changes to shallow and deep-soil salinity (from repeat ground-
based electromagnetic induction [EM] surveying), was reviewed and analysed.  
The results presented here conclude that the basins have had no measurable impact on the 
quality of runoff water or the quality and dynamics of the groundwater systems in their 
vicinity. This is perhaps not surprising considering that the basins have operated under 
limited flood conditions only for brief periods since construction. It was also concluded that 
any changes the basins may cause to surface or groundwater quality under operational 
conditions are likely to be minor and difficult to distinguish from the background of other 
catchment-scale processes that affect water quality, during flood events in particular.  
However, the surface-water-quality monitoring program has adequately defined the baseline 
water-quality condition of the basins’ catchments—as being of a moderately to highly 
disturbed environment, similar to those of other agricultural catchments in the district. 
Observations of groundwater quality indicate extreme spatial and temporal variability in and 
around the basin sites. Similar variability has been shown by other studies in the district and 
is the likely result of variability in agricultural management, climate and soil properties. 
Piezometric responses indicate that deeper aquifers are hydraulically well separated from the 
influence of flooding within the basins. However, this has not been tested under flooded 
conditions. 
There was minimal change to salt storage (as measured by EM surveys) in the soil profile to 
5 m depth under or adjacent to the basins between 2005 and 2010. However, there were 
some large areas that displayed an increase in shallow (1 m) salt storage. This was most 
likely the result of changes in vertical distribution of salt in the profile, caused by the 
antecedent rainfall conditions rather than the operation of the basins. 
Recommendations for future monitoring include: 
 Continued automated flood-depth monitoring is recommended, although continuation 
of surface-water-quality monitoring is not warranted.  
 Continued monitoring of groundwater responses using loggers in piezometers, 
installed within and down-slope of each basin is recommended, at least until a greater 
than 10-year average return interval (ARI) flood event occurs and the effect can be 
determined. 
 Continued groundwater-quality monitoring is not warranted. Instead it is 
recommended that piezometric responses after a greater than 10-year ARI flood 
event be analysed to provide the indication of risk of transfer of shallow groundwater 
into deeper aquifers. 
 Adoption of an annual soil-testing program for nutrients, pH and salinity is 
recommended for land within the basins to enable timely identification and correction 
of any changes.  
 Continued soil-salinity surveying (using EM31/38) is recommended as the primary 
method of tracking soil-salinity changes. Subsequent surveys to be undertaken after a 
period of at least 5 years and/or following a greater than 10-year ARI flood event 
Busselton compensating basin hydrology 
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1. Introduction 
In July 2005, WML Consulting Engineers sought to contract the Department of Agriculture to 
review the monitoring and evaluation systems for two existing flood compensation basins 
near Busselton (CB1 and CB2, constructed in 2001 and 2003 respectively) and one 
proposed (CB3). A contract was completed upon the provision of a draft report (Bennett & 
George 2005), which identified that the existing compensating basins had no measurable 
impact on the groundwater hydrology or the agricultural productivity of the land in their 
vicinity. On this basis it was concluded that it was also unlikely that the existing basins or 
proposed basin, CB3, were likely to have a significant or deleterious impact on the 
surrounding land in the future. 
However, as the basins had not been tested under design flood conditions, enhanced 
groundwater and soil salinity monitoring systems were recommended to provide early 
indication of likely impacts. The two main recommendations made were: 
 that electromagnetic induction (EM) surveys of the land within and surrounding the 
existing and proposed basins be undertaken as soon as possible to define the soil salinity 
status at the sites, and that surveys be repeated every five years or after significant floods  
 that new piezometer nests be installed within and downslope of each basin and that water 
levels in these be automatically logged so that aquifer interactions can be more clearly 
defined. 
Construction of the third basin, CB3, was completed in early 2009. The initial EM survey of 
all three basin sites was undertaken in 2005 and the additional piezometers installed in 
2006.The pre-existing surface-water and groundwater monitoring that had been undertaken 
prior to 2005 by the Water Corporation was continued. 
In April 2010 the Water Corporation, through McLean Consultants, contracted the 
Department of Agriculture and Food (DAFWA) to undertake additional monitoring and review 
the Bennett & George (2005) report in the light of additional data. This work comprised the 
following agreed tasks:  
 Install and maintain 15 bore-water-level recorders (STS® brand dataloggers – supplied by 
the Water Corporation) in nominated bores at compensating basins CB1, CB2 and CB3. 
Maintain three additional dataloggers in a ‘control’ nested bore site on the Vasse 
Research Centre (approximately 1 km upslope of basin CB2). Record and report on the 
results in February 2011 (progress report) and February 2012 (final report).  
 In November or December 2010 (dependent on soil-moisture conditions) undertake EM31 
and EM38 surveys (as repeats of the December 2005 surveys). Report the results in 
February 2011 (progress report) and compare them with the 2005 survey results, 
incorporating these findings into the final report.  
 Submit final report in DAFWA NRM Technical Report format. Scope to include: (i) analysis 
and commentary on whether any of the observations in the draft report Study of the 
effects of compensating basins on groundwater, pasture growth and soil salinity are 
affected by the additional results, (ii) a recommendation about ongoing bore-monitoring 
requirements. The format for this report would be a revamped version of the draft report, 
including the outcomes of the tasks noted above, and it would be technically peer 
reviewed. 
In addition to providing an analysis and summary of the observations of the effects of 
compensating basins on local surface water, groundwater and soil salinity, this document 
fulfils the reporting requirements of the Water Corporation contract. 
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2. Background 
2.1 History  
In 2000 the Busselton Flood Management Steering Committee engaged the Water 
Corporation to design and construct a series of flood-compensating basins on farmland in the 
Vasse and Sabina river catchments, upstream of the city of Busselton. The basins were 
designed to reduce the risk of flooding in urban areas of Busselton by temporarily storing and 
then regulating runoff during flood events following periods of heavy rainfall. Two basins 
(CB1 and CB2) were constructed on farmland owned by the Department of Agriculture and 
Food (Vasse Research Centre); CB3 was constructed on farmland that was acquired by the 
Water Corporation and subsequently leased out to a local farmer for livestock grazing. 
Each of the three compensating basins consists of a U-shaped earth embankment around a 
large area of farmland to form a dam to regulate runoff. The rate of discharge from each 
basin is regulated by an outlet culvert. Each has been designed to control flood surges into 
downstream watercourses. The combined effect of the compensating basins is to reduce the 
height and extend the duration of downstream floodwaters. 
During periods when the basins are operating, agricultural land within the basin 
embankments can become inundated by floodwaters up to several metres deep. Such 
events have the potential to directly affect agricultural operations within the basin 
embankments, as well as the local environment, because of changes caused to surface-
water and groundwater hydrology.  
In terms of direct agricultural effects, inundation can kill pastures by depriving their leaves of 
oxygen, depending on the duration. Three days is generally accepted locally as being the 
maximum submergence duration before serious pasture damage occurs (Davies 1994). 
Modelling by the Water Corporation (2005) indicates that the maximum period of inundation 
(for the design 100-year ARI flood) is 6.2, 2.3 and 4.5 days for basins CB1, CB2 and CB3 
respectively. This design indicates that there is some potential for pasture damage to occur. 
However the estimates for inundation are for the areas closest to the outlets, so overestimate 
the inundation period of much of the area within the basins. The flooding risk to livestock is 
managed by the alignment of fencing, allowing stock to move away from the flooded land, 
plus a flood alert system for the landholders. 
The results from the groundwater, surface-water and soil-salinity monitoring systems that 
were initiated to monitor possible hydrologic-related environmental effects at the time of 
basin construction are the subject of this report.  
2.2 Local hydrological setting 
The hydrogeology of the Busselton area has been defined in several reports and surveys 
(e.g. Hirschberg 1989, Rockwater 2005 and Schafer et al. 2008). Hirschberg (1989) provides 
the most thorough and localised assessment of the groundwater conditions in the study area. 
The compensating basins are located on the Abba Plain land system (Tille & Lantzke 1990), 
which contains materials that have been locally reworked and are themselves stripped and/or 
overlain with alluvial, aeolian and lacustrine materials. The dominant landforms have a gentle 
relief (less than about 0.5 per cent gradient), comprising low dunes and inter-dunal swales of 
primarily Recent to Quaternary aeolian origin. In clayey textured areas, especially where 
surface-water flow is restricted, saline swamp soils occur. Shallow watertables present within 
the surface sands, termed the Surficial Aquifer, fluctuate seasonally, generally being near the 
surface in mid to late winter and falling to about 2 m below ground by late summer. Surface 
Busselton compensating basin hydrology 
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runoff occurs mainly through the process of saturation excess (rather than infiltration excess) 
and therefore occurs mostly in the late winter and spring periods when the profile is full 
(Bennett 2008). Runoff is therefore rainfall dependent and highly variable from year to year. 
For example, the Vasse catchment annual runoff has varied from 23 to 329 mm/yr over the 
10-year period from 1997 to 2007 (WIN 2008). The hydraulic conductivity of the Surficial 
Aquifer is in the order of less than 1 m/day, which, coupled with low topographical gradient, 
means that lateral subsurface flow rates are very low (Staines et al. 2011). 
The base of the Surficial Aquifer is defined by clay layers (often indurated with ironstone 
material forming a ferricrete hardpan) which mark the upper surface of the Quaternary-aged 
Guildford Formation. Hirschberg (1989) estimates that the Quaternary cover generally 
ranges in thickness from 6 to 20 m, however in the study area it may be only 3–9 m thick in 
places. It is a variously bedded sandy, silty and clayey sedimentary formation, in which the 
predominant clay and silt layers are thought to form an aquitard of low permeability 
(saturated hydraulic conductivity less than 0.065 m/day [Bennett et al. 2007]). Locally, the 
variable sandy aquifers within the Guildford Formation are collectively termed the Superficial 
Aquifer. Recharge to the Superficial Aquifer is thought to be mainly localised, through the 
Surficial Aquifer. However, the hydraulic connection between the Surficial Aquifer and sandy 
beds within the Superficial Aquifer is spatially variable depending on the local extent and 
arrangement of clayey beds. Nearer to the coast, upward leakage from deeper aquifers can 
also contribute to the Superficial Aquifer, but to a minor extent owing to the low permeability 
of the Guildford clays.  
The Quaternary sediments are underlain by 12–28 m of sandy clay or clay material of the 
Cretaceous Upper Leederville Formation. Extensive sand aquifers, of the order of 150–200 
m thickness, comprise the Leederville Aquifer below this depth. In areas of the coastal plain 
near the basins that are remote from the Darling Scarp and Blackwood Plateau, the 
Leederville Aquifer behaves as a partially confined aquifer (Hirschberg 1989). Most of the 
recharge to the Leederville Aquifer is thought to be from a narrow (and discontinuous) band 
of outcrop of the sandy Yoganup Formation, located to the east and south along the Darling 
Scarp and northern Blackwood plateau footslopes. Sedimentary sequences (the Perth Basin 
sediments), comprising multiple high-yielding aquifers at different depths, extend for 
approximately a further 5000–10,000 m to igneous basement. 
Four of the bore sites drilled by Hirschberg (1989) are within 4 km of the basin study area. 
The western-most two of these bores show strong downward heads from the Superficial to 
the Leederville Aquifer. The other two bore sites indicate slight upward head potentials 
between the Upper Leederville and the Superficial Aquifers, although both have strong 
downward head potentials towards the deeper Leederville. Groundwater salinities reflect the 
aquifer and location. Bores drilled in areas of stagnant groundwater flow have elevated 
salinity levels (1340–3840 mg/L), reflecting evapotranspiration in areas with a shallow 
watertable. All deeper bores (> 50 m) are of a potable standard. 
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3. Methods 
3.1 Compensating basin major design attributes 
The location of the three flood-compensating basins in relation to the catchment area, the 
main watercourses and the city of Busselton is shown in Figure 1. The basins are situated on 
the relatively flat Swan Coastal Plain and are positioned to intercept three relatively large 
streams that have their headwaters within the much steeper Whicher Range to the south. 
 
Figure 1 Location of flood-protection compensating basins relative to the city of Busselton, catchment 
boundaries and major watercourses 
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The base width of the basin embankments varies between about 15 and 35 m along their 
length. The base width is dependent on the embankment height, which is in turn dependent 
on the elevation of the original ground surface, with larger heights requiring wider bases. The 
maximum heights of the embankments are shown in Table 1. They are constructed from 
zoned earth fill having a core of compacted clay material keyed into in situ gravelly clay 
and/or iron-organic hardpan horizons that commonly occur in the area at 1–2 m depth. Most 
of the material for the embankments was obtained locally. 
Table 1 Major hydrological specification of the compensating basins  
Basin Surface area (ha) 
Storage volume 
at spillway 
height (ML) 
Spillway 
elevation 
(m AHD) 
Depth of water 
retained at 
spillway height 
(m)  
Discharge of 
outlet culvert at 
spillway height 
(m3/s) 
Embankment 
elevation  
(m AHD) 
Maximum 
embankment 
height  
(m) 
CB1 159.5 1963 25.0 2.4 8.0 25.5 2.9 
CB2 59.5 513 23.3 3.8 7.1 23.8 4.3 
CB3 68.6 1947 21.3 4.9 14.0 21.8 4.9 
Each basin has an outlet that is designed to regulate the amount of runoff water that can be 
discharged. The outlet culvert structure at each basin consists of an uncontrolled concrete-
box culvert. CB3 also has a secondary small-pipe culvert designed to allow residual trapped 
water to drain away under the embankment from an area of low ground elevation. When the 
rate of runoff into each basin is higher than the discharge capacity of each respective outlet 
culvert, the water level rises until the basin storage volume is exceeded, at which time 
excess water is discharged over a spillway. The spillways are broad-crested concrete weirs 
over which water spills onto concrete revetment mattress-lined chutes that guide the overflow 
back into the original watercourses. Other main hydrological specifications of each basin are 
shown in Table 1. Figure 2 shows the outlet culvert and spillway of CB3.  
 
Figure 2 The downstream side of the outlet culvert and spillway at CB3  
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3.2 Groundwater monitoring 
3.2.1 Bore construction and location 
The main construction attributes of bores used for groundwater monitoring are shown in 
Table 2. There have been several programs of bore installation since 2001, each having its 
own particular bore-design characteristics. Table 2 also lists the reference details for the 
Appendix that contains the drilling log for each bore. 
Table 2 Main construction and location details of bores  
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CB1 1S 2002 A Site 1 6264949 346558 23.001 2.3 0.6–2.3 N 0.5–2.3 Ob Manual obs. 
CB1 2S 2002 A Site 2 6265021 346456 23.460 1.8 0.6–1.8 N 0.5–1.8 Ob Manual obs. 
CB1 3S 2002 A Site 3 6264171 345582 25.453 2.2 0.6–2.2 N 0.5–2.2 Ob Manual obs. 
CB1 4S 2002 A Site 4 6265278 345319 24.422 3.0 0.6–3.0 N 0.5–3.0 Ob Manual obs. 
CB1 5S 2002 A Site 5 6265846 345648 23.245 3.0 0.6–3.0 N 0.5–3.0 Ob Manual obs. 
CB1 6S 2002 A Site 6 6265919 345742 23.508 3.0 0.6–3.0 N 0.5–3.0 Ob Manual obs. 
CB1 7S 2002 A Site 7 6265270 344844 24.635 3.0 0.6–3.0 N 0.5–3.0 Ob Manual obs. 
CB1 8S 2002 A Site 8 6264604 344797 25.903 1.1 0.6–1.1 N 0.5–1.1 Ob Manual obs. 
CB1 9S 2002 A Site 9 6265980 346266 23.203 3.0 0.6–3.0 N 0.5–3.0 Ob Manual obs. 
CB1 10S 2002 A Site10 6265730 346530 21.679 3.0 0.6–3.0 N 0.5–3.0 Ob Manual obs. 
CB1 9D_06 2006 A 9/06 6265470 346069 26.365 32.5 29.5–32.5 Y 27–32.5 P Logger  
CB1 10I_06 2006 A 10/06 6265469 346069 26.371 12.0 10.0–12.0 Y 9–12 P Logger  
CB1 11S_06 2006 A 11/06 6265469 346068 26.376 2.0 1.0–2.0 Y 1–2 P Logger  
CB1 12I_06 2006 A 12/06 6265554 346209 23.269 9.5 7.5–9.5 Y 4.5–5.5 P Logger  
CB1 13S_06 2006 A 13/06 6265553 346209 23.364 2.0 1.0–2.0 Y 1–2 Ob Logger  
CB2 1S 2001 na  6265502 348033 22.818 2.0 0.6–2.0 N 0.5–2.0 Ob Manual obs. 
CB2 2S 2001 na  6265477 347914 22.687 1.8 0.6–1.8 N 0.5–1.8 Ob Destroyed 
CB2 3S 2001 na  6265480 347847 22.594 1.8 0.6–1.8 N 0.5–1.8 Ob Manual obs. 
CB2 4S 2001 na  6265537 347727 22.121 1.8 0.6–1.8 N 0.5–1.8 Ob Destroyed 
CB2 5S 2001 na  6265744 347664 21.386 2.0 0.6–2.0 N 0.5–2.0 Ob Manual obs. 
CB2 6S 2001 na  6265768 347775 21.581 1.9 0.6–1.9 N 0.5–1.9 Ob Manual obs. 
CB2 7S 2001 na  6265759 347902 21.965 1.9 0.6–1.9 N 0.5–1.9 Ob Manual obs. 
CB2 8S 2001 na  6265756 347993 22.026 1.9 0.6–1.9 N 0.5–1.9 Ob Manual obs. 
CB2 9S 2001 na  6265818 347676 21.620 2.3 0.6–2.3 N 0.5–2.3 Ob Manual obs. 
CB2 10S 2001 na  6265487 348025 21.032 2.3 0.6–2.3 N 0.5–2.3 Ob Manual obs. 
CB2 FL03D 2004 B FL03D 6263987 347933 27.725 28.5 26.5–28.5 Y 26–28 P Logger  
CB2 FL03I 2004 B FL03I 6263984 347933 27.735 6.5 4.5–6.5 Y 4.5–6.5 P Logger  
CB2 FL03S 2004 B FL03S 6263986 347940 27.800 2.0 1.0–2.0 Y 1–2 P Logger  
CB2 14D_06 2006 B 14/06 6265733 347665 24.595 29.0 26.0–29.0 Y 25–30 P Logger  
CB2 15I_06 2006 B 15/06 6265733 347666 24.595 10.0 8.0–10.0 Y 7–10.5 P Logger  
CB2 16S_06 2006 B 16/06 6265732 347665 24.594 2.0 1.0–2.0 Y 1–2 P Logger  
CB2 17I_06 2006 B 17/06 6265995 347668 21.380 10.0 8.0–10.0 Y 7–10 P Logger  
CB2 18S_06 2006 B 18/06 6265994 347668 21.370 2.0 1.0–2.0 Y 1–2 P Logger  
CB3 1_04S 2004 C BH1 6269988 351597 17.758 2.3 0.6–2.3 Y 1–2.3 P Manual obs. 
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CB3 1_04I 2004 C BH1 6269988 351597 17.758 6.0 5.0–6.0 Y 3–6 P Manual obs. 
CB3 2_04S 2004 C BH2 6269970 351502 na 2.1 1.1–2.1 Y 1.1–2.1 P Sealed (2008) 
CB3 2_04I 2004 C BH2 6269970 351502 na 6.0 5.0–6.0 Y 2.6–6.0 P Sealed (2008) 
CB3 3_04S 2004 C BH3 6270123 351825 17.716 2.5 1.5–2.5 Y 0.5–2.5 P Manual obs. 
CB3 4_04S 2004 C BH4S 6270171 351834 na 1.7 0.7–1.7 Y 0.7–1.7 P Sealed (2009) 
CB3 4_04I 2004 C BH4D 6270171 351834 na 6.0 5.0–6.0 Y 2.2–6 P Sealed (2009) 
CB3 5_04S 2004 C BH5 6269782 352275 22.023 1.5 0.5–1.5 Y 0.5–1.5 P Manual obs. 
CB3 6_04S 2004 C BH6 6269389 352250 21.044 3.0 2.0–3.0 Y 0.5–3 P Manual obs. 
CB3 1_05S 2005 C P1 S 6270247 351085 16.157 2.1 1.3–2.1 N 0.5–2.1 Ob Manual obs. 
CB3 1_05I 2005 C P1 D 6270247 351085 16.129 5.4 3.9–5.4 Y 3–5.4 P Manual obs. 
CB3 2_05S 2005 C P2 S 6269926 351248 17.465 2.0 0.8–2.0 N 0.5–2 Ob Manual obs. 
CB3 2_05I 2005 C P2 D 6269926 351248 17.469 5.0 3.5–5.0 Y 3.2–5 P Manual obs. 
CB3 3_05S 2005 C P3 6269123 352525 22.624 2.8 0.8–2.8 N 0.5–2.8 Ob Manual obs. 
CB3 4_05S 2005 C P4 6269494 352510 21.941 2.6 0.8–2.6 N 0.5–2.6 Ob Manual obs. 
CB3 5_05S 2005 C P5 6270231 352175 na 2.8 0.8–2.8 N 0.5–2.8 Ob Sealed (2008) 
CB3 6_05S 2005 C P6 6270225 352037 na 2.0 0.8–2.0 N 0.5–2 Ob Sealed (2009) 
CB3 7_05S 2005 C P7 S 6270257 351701 17.394 1.8 0.8–1.8 N 0.5–2 Ob Manual obs. 
CB3 7_05I 2005 C P7 D 6270257 351701 17.417 5.0 3.5–5.0 Y 3.2–5 P Manual obs. 
CB3 8_05S 2005 C P8 6270107 352346 19.263 1.7 0.8–1.7 N 0.5–1.8 Ob Manual obs. 
CB3 9_05S 2005 C P9 6269775 352356 20.286 1.8 0.8–1.8 N 0.5–2.1 Ob Manual obs. 
CB3 10_05I 2005 C P10 6269871 351192 na 5.4 0.8–5.4 N 0.5–5.4 Ob Destroyed 
CB3 11_05S 2005 C P11 6269183 352092 21.159 3.0 0.8–3.0 N 0.5–3 Ob Manual obs. 
CB3 12_05S 2005 C P12 6269542 352743 22.044 2.6 0.8–2.6 N 0.5–2.6 Ob Manual obs. 
CB3 13_05S 2005 C P13 6269564 353022 21.341 2.6 0.8–2.6 N 0.5–2.6 Ob Manual obs. 
CB3 14_05S 2005 C P14 6269213 352762 22.377 2.6 0.8–2.6 N 0.5–2.6 Ob Manual obs. 
CB3 Well A na na  6268617 353684 26.878 4.5 na na na Ws Manual obs. 
CB3 Well B na na  6268922 352870 na 3.5 na na na Ws Manual obs. 
CB3 Well C na na  6269273 352909 22.621 6.2 na na na Ws Manual obs. 
CB3 Bore D na na  na na na 5.3 na na na Ws Destroyed 
CB3 1P_06 2006 C 1/06 6269104 351330 na 98.3 68.0–98.3 Y 56–101 Ws Ws 
CB3 2D_06 2006 C 2/06 6269893 351536 22.526 30.0 27.0–30.0 Y 26–33 P Logger  
CB3 3I_06 2006 C 3/06 6269893 351535 22.521 10.0 8.0–10.0 Y 7–10.5 P Logger  
CB3 4S_06 2006 C 4/06 6269892 351535 22.519 2.0 1.0–2.0 Y 1–2 P Logger  
CB3 5S_06 2006 C 5/06 6270004 351407 17.397 2.0 1.0–2.0 Y 1–2 P Logger  
CB3 6I_06 2006 C 6/06 6270005 351406 17.417 10.0 8.0–10.0 Y 8–11 P Logger  
CB3 7I_06 2006 C 7/06 6269241 352517 na 10.0 8.0–10.0 Y 7–10 P Not monitored 
CB3 8S_06 2006 C 8/06 6269241 352518 na 2.0 1.0–2.0 Y 1–2 P Not monitored 
na Data not available 
P Piezometer 
Ob Observation bore  
Ws Water supply bore 
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The bore locations at each basin are shown in Figures 3–5. At CB1, ten bores were installed 
in 2002 to a depth of 3 m – or less where depth drilled was controlled by drill refusal, caused 
by hard ironstone layers. Only 2 bores (2S and 5S) were located within the basin 
embankments or within the maximum floodline, with the remainder distributed around the 
outside of the basin. Drilling logs indicate that the profiles are typically sandy textured to 
approximately 1 m depth, underlain by iron-organic gravelly hardpan and clayey sand. Bores 
were installed with slotted bore casing extending from the bottom of the hole to within 0.5 m 
of the surface. The slotted section of the annulus was backfilled with sand and the remaining 
section filled with a concrete plug. This design (and their shallow depth) means that the 
bores operate as observation bores in the Surficial Aquifer, rather than piezometers, and that 
groundwater enters from the regolith between 0.5 m below ground and the bores’ maximum 
depth (3 m). With this design it is possible that, because of the rigid concrete annulus plug 
and its short length, preferential leakage of surface water occurs down the annulus, 
particularly if there is shrinkage or swelling of the surface soils with moisture content 
changes. In addition, the bores installed prior to 2006 within all three basins don’t have 
headworks that would prevent water from directly entering the bore if the basins fill. 
 
Figure 3 Location of CB1 bores  
At CB2, ten shallow bores were installed in 2001, of which nine are located inside the basin, 
with the other bore (9S) located immediately downstream of the basin wall. There are no 
drilling logs available for these bores, and it is assumed that they are of similar construction 
to those at CB1. As a result, the issues of surface-water entry down the annulus and floods 
overtopping the bore tops identified at CB1 are also likely to exist for those at CB2. 
At CB3, bores at six monitoring sites were installed in 2004, prior to basin construction. Of 
the six, five were located within the proposed basin, with one located immediately below the 
downslope wall. Drilling logs show that similar soil sequences to those of CB1 are present, 
with sandy Surficial Aquifer profiles, to between 0.6 and 1.5 m depth, overlaying clayey and 
gravelly hardpan. 
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Figure 4 Location of CB2 bores  
 
Figure 5 Location of CB3 bores  
Unlike the shallow bores at CB1 and CB2, the shallow bores (between 1.5 and 3 m deep) at 
CB3 were constructed with a 1 m screened section at the base, and the adjacent annulus 
backfilled with gravel fill. The remainder of the annulus was sealed with bentonite and as a 
result are likely to operate as piezometers. At three of the bore sites (1_04, 2_04 and 4_04), 
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additional piezometers were installed in the same drill hole to 6 m depth to intersect the 
intermediate Superficial Aquifer. These also have 1 m of screen section at the bottom with 
gravel backfill extending to a bentonite seal located adjacent to the gravelly, clayey sand 
layer (up to the bottom of the shallow bore). While these bores are constructed as 
piezometers, the interval of the gravel fill means that the groundwater they intercept could be 
derived from the entire interval 3–6 m below ground. Several existing farm wells near CB3 
were also included as groundwater monitoring points. 
In 2005 an additional 14 sites were drilled at CB3, with four inside the proposed basin and 
ten at various locations around the outside. Shallow bores were constructed to between 1.8 
and 2.6 m depth and finished at either target depth or drill refusal on cemented ironstone. 
Slotted sections were installed between 0.8 m and full depth and gravel packed up to 0.5 m, 
meaning they operate as observation bores. Four of the sites (1_05, 2_05, 7_05 and 10_05) 
had additional deeper piezometers installed to 5–5.4 m depth, each having 1.5 m slotted 
sections that were backfilled with gravel and the remaining annulus sealed with bentonite. 
In 2006, following recommendations made by Bennett and George (2005), two additional 
nests of piezometers were installed at each basin (Water Corporation 2006). One piezometer 
nest was located approximately 50 m upslope of the highest section in each basin 
embankment, within the expected 1-year ARI flood area. The other nest was located 
downslope of each basin about 50 m from the highest section of embankment to determine 
any downstream impacts, for comparison with the upstream piezometer nest. Each 
piezometer nest located within the basin embankment had three individual piezometers 
installed: one intersecting the Surficial Aquifer and screened between 1–2 m below ground, 
one screened to 8–10 m depth in the intermediate Superficial Aquifer, and one screened 
within the top of the Leederville Aquifer (about 30 m below ground). The piezometers located 
within the basins were constructed with elevated headworks to ensure that they remain 
sealed, accessible and above the maximum designed (500-yr ARI) flood level. The 
piezometer nests located downslope of the embankments had two individual piezometers 
installed: one intersecting the Surficial Aquifer and screened at 1–2 m depth, and one 
screened to 8–10 m depth within the intermediate Superficial Aquifer. 
In 2006 a production bore (1P_06) was also installed at CB3 and used for water supply 
during CB3 construction works. An existing piezometer nest that had similar depth and 
construction attributes to those installed inside the basins was included as a groundwater-
monitoring comparison site. Piezometer nest FL03, comprising deep (28.5 m), intermediate 
(6.5 m) and shallow (2 m) bores, is located about 2 km upslope of CB2—and therefore 
unlikely to be hydrologically influenced by the operation of the basins. 
3.2.2 Groundwater monitoring  
In order to determine any impact of flooding on local groundwaters, in terms of groundwater 
levels and quality, a groundwater-monitoring regime was initiated. The groundwater levels in 
the 2001–2005-installed series of bores were measured at approximately monthly intervals 
by Water Corporation personnel using a manual dip tape. Samples of groundwater were 
collected after purging (removal and recovery of the equivalent of at least three casing 
volumes of water) using a bailer. Samples were analysed for: electrical conductivity (EC), pH, 
total nitrogen (TN), nitrite plus nitrate nitrogen (NO2/3 N), ammonium nitrogen (NH4 N), total 
Kjeldahl nitrogen (TKN), total phosphorus (TP) and filterable reactive phosphorus (FRP). 
Total organic nitrogen (TON) was estimated by subtracting TKN from TN. 
The location and elevation of most bores were surveyed to AMG and AHD datums after 
construction. However, bores constructed in 2006 had their locations recorded using hand-
held GPS. The elevations were subsequently surveyed relative to the AHD markings on the 
flood-depth boards located near each basin outlet, and the corresponding groundwater levels 
were corrected to m AHD.  
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Several bores at CB3 (Well B, 2_04S, 2_04I, 4_04S, 4_04I, 5_05S, 6_05S, 10_05S, 1_06P, 
7I_06, 8S_06) were destroyed, had been sealed (during basin construction operations), 
could not be accessed or did not have reliable height data available. The limited and 
unreliable groundwater-level data for these bores was therefore excluded from the analysis 
in this report.  
Groundwater head in piezometers FL03D, FL03I, FL03S, 2D_06, 3I_06, 4S_06, 5S_06, 
6I_06, 9D_06, 10I_06, 11S_06, 12I_06, 13S_06, 14D_06, 15I_06, 16S_06, 17I_06 and 
18S_06 was logged automatically every four hours using dataloggers (STS ® series DLN70 
loggers equipped with pressure transducer sensors).  
3.3 Surface-water and rainfall monitoring 
Monitoring of surface-water discharge through the basins’ outlets was initiated to determine 
the efficacy of the basins in meeting the design criteria and to assess their impacts on 
downstream watercourses. Since 2006 (CB1 and CB2) and 2009 (CB3), the depth of water 
in the basins at the outlet culvert was automatically measured, transmitted and logged using 
Hydrological Services Pty Ltd dry bubble units and loggers (Series HS-23). Depth data was 
obtained every minute and automatically transmitted to a database managed by the Bureau 
of Meteorology (BOM) in Perth. The water-depth data are converted to rate of discharge and 
a storage volume based on specific relationships developed for each basin. This data is also 
used to forecast flood warnings, a service operated by the BOM. Graphs showing the 
relationship between water depth and discharge rate and water depth and storage volume 
are presented in Appendix D. 
Samples of water discharging through the basin outlet culverts were collected by Water 
Corporation personnel at about monthly intervals since the construction of each basin. 
Samples were analysed for EC, pH, TN, NO2/3 N, NH4 N, TKN, TP and FRP. Total organic 
nitrogen (TON) was estimated by subtracting TKN from TN. The laboratory limit of reporting 
(LOR) was 0.1 mg/L for TN and 0.05 mg/L for the other nitrogen components. The LOR for 
TP and FRP varied over the monitoring period, being either 0.05 mg/L or 0.002 mg/L.  
Rainfall data was sourced from the Vasse Station automatic weather station operated by 
DAFWA and located on the Vasse Research Station approximately 1.5 km south of CB1. 
The average annual rainfall recorded at this station from 1990 to 2011 is 690 mm, with a 
range of 296 to 1037 mm. 
3.4 Soil-salinity EM31/38 surveys 
Soil-salinity surveying was recommended by Bennett and George (2005) to ascertain any 
impacts of the compensating basins on the quality of local soils.  
Soil-salinity geophysical surveying was undertaken in December 2005 and November 2010 
by the geophysical surveying company GroundProbe Geophysics (called Geoforce 
Geophysics in 2005). On both occasions identical instruments and similar methodologies 
were employed. Data acquisition was via a quad bike equipped with Geonics® EM31 (in 
vertical orientation) and EM38 (in horizontal orientation) instruments, a GPS (RTK GPS in 
2005) and on-board computer logging. The EM31 and EM38 instruments provide a measure 
of bulk soil salinity by recording apparent relative electrical conductivity (ECa) of the soil 
profile to about 6 m and 0.75 m depth respectively (McNeill 1980, Bennett et al. 2000). 
Traverses (lines along which the quad bike travelled) were made at about 50-m spacing 
across the survey area (about 500 ha in area), with measurements taken about every 3 m 
along the traverses. It was not possible to replicate the exact location of the 2005 survey 
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traverses during the 2010 survey. Detailed data-acquisition and processing methodology is 
contained in the GroundProbe Final Data Report (Appendix E). 
3.5 Trend analysis 
Hydrograph and Rainfall Time Trends (HARTT) (Ferdowsian et al. 2001) is a method for 
statistically estimating trend (average annual rate of change) of parameters measured in 
groundwater. The approach separates the effect of rainfall from the underlying time trend, 
with rainfall analysed and represented as an accumulation of deviations from accumulated 
average monthly or annual residual rainfall. HARTT analyses were undertaken for water-
level and some water-quality parameters of selected bores. Sites and parameters that were 
tested with HARTT were chosen if there was an apparent trend, based on visual inspection 
of the hydrographs or chemographs that were generated from the data. However, HARTT 
analysis indicated that there were no statistically significant (P < 0.05) trends for either time 
or rainfall for any of the groundwater-level or groundwater-quality data at any site tested.  
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4. Results 
4.1 Surface-water characteristics 
4.1.1 Surface-water discharge  
Since the initial compensating basin was built in 2001, flood events have been recorded—in 
2005 and 2009.  
Water levels recorded by loggers, together with a single observation of the maximum flood 
level made during a flood event in 2005, are shown in Figure 6. During the 25 June 2005 
flood event, CB1 and CB2 filled by about 1 m to about 23.1 and 22.3 m AHD respectively. 
The observed floodwater levels correspond to design ARIs of less than one year and were 
equivalent to 5 and 23 per cent of the 100-year ARI design volumes for CB1 and CB2 
respectively (Table 1). Following the 2005 flood, CB2 drained within two days, while areas 
within CB1 had some areas of inundation remaining after four days.  
Another flood pulse of similar maximum water level and duration was recorded by 
dataloggers on 20 June 2009. No visual observations of water levels were made during this 
event.  
The relatively minor events of 2005 and 2009 are the only occasions that the basins have 
stored water and operated as flood compensators. At all other times the rate of water inflow 
to the basins has been less than the capacity of the outlet culverts, meaning that runoff water 
remained confined to the stream channels.  
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Figure 6 Water levels recorded within the three compensating basins. Black and blue crosses indicate the 
maximum water levels observed during the 2005 event in CB1 and CB2 respectively. 
4.1.2 EC and pH of water discharged through basin outlets 
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Figure 7 shows the EC and pH of the surface-water discharge from the three basin outlet 
culverts. EC is generally less than 100 mS/m during winter and spring, corresponding to 
periods of high flow rate and corresponding higher dilution. Outlier samples with higher EC 
occur only during summer periods, when flow rates are very low or when non-flowing 
residual water that had pooled at the culvert was sampled. On these occasions, when 
evaporation rates are also high, evaporative concentration of salts in the water is likely to 
have raised the EC of the sampled water. An extreme EC value of 2150 mS/m, recorded in a 
sample collected from CB3 on 22 June 2009, is not shown in Figure 7. It is also possible that 
this particular EC value is a result of confusion between EC units (e.g. mS/cm confused with 
mS/m), and should have been reported as about 21 mS/m. 
The median and 80th percentile of EC and pH values recorded in samples of water 
discharged from the three basins’ outlet culverts is shown in Table 3. 
Table 3 Summary of selected water-quality parameters observed in the basin discharge  
  CB1 CB2 CB3 
EC (mS/m) Median 42 45 52 
 80th percentile 51 52 65 
pH 20th percentile 6.5 6.6 7.1 
 Median 6.7 6.8 7.6 
 80th percentile 7.0 7.1 8.4 
TNψ (mg/L) Median 0.8 1.7 3.2 
 80th percentile 1.7 2.6 5.2 
NO2/3 Nψ (mg/L) Median 0.28 0.93 1.85 
 80th percentile 0.56 1.44 4.92 
NH4 Nψ (mg/L) Median 0.05 0.05 0.05 
 80th percentile 0.10 0.14 0.12 
TPψ (mg/L) Median 0.10 0.07 0.09 
 80th percentile 0.25 0.30 0.21 
FRPψ (mg/L) Median 0.05 0.05 0.01 
 80th percentile 0.05 0.05 0.05 
Ψ Concentrations recorded as being below the laboratory limit of reporting (LOR) were assumed to be at the LOR 
for calculation of median and 80th percentile values. Hence the parameters reported above represent the upper 
limit of likely values. 
The pH data shown in Figure 7 and summarised in Table 3 indicate that the water 
discharged at the culverts varied between being slightly acidic to slightly alkaline, with CB1 
and CB2 having median pH values of 6.7 and 6.8 respectively. The water discharging 
through CB3 is generally more alkaline, having a median pH of 7.6.  
There is no statistically significant trend over time in either EC or pH in the water discharged 
though the basins’ outlets. 
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Figure 7 EC and pH of the basin surface-water discharge 
4.1.3 Nutrient concentrations in basin discharge 
Table 3 lists the median and 80th percentile of nutrient concentrations recorded in samples 
of water discharge from the three basins. CB1 has the lowest median TN and NO2/3 N 
concentrations, while CB3 has the highest concentrations. Median concentrations of NH4 N 
and TP are similar for the three basins. The median FRP concentration at CB3 is much lower 
than for the other two basins. However, this is considered to be an artefact in the data, 
resulting from the reduction in the LOR level for FRP from 0.05 mg/L to 0.002 mg/L after 
2008, when most of the CB3 samples were collected. 
Figure 8 shows how the TN and TP concentrations in the surface-water discharge varied 
over time. TN concentrations are generally high early each winter, when the first large runoff 
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events carry nitrogen from the catchments. TN concentrations then decline as the nitrogen, 
which has built up in the soil during the preceding summer, is progressively leached from the 
soil surface. Extreme TN concentration samples from CB2 were collected during the summer 
and autumn and, as for the EC outliers, represent atypical no- or low-flow conditions. TP 
concentration does not show the same consistent seasonal variation as the TN 
concentration, although the extreme levels detected at CB2 and CB3 in 2007, 2008 and 2009 
correspond to early-season runoff, indicating that mobilisation of particulate phosphorus may 
be the main mechanism on these occasions. There is no statistical trend over time in either 
TN or TP in runoff discharging from each of the basins.  
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Figure 8 TN and TP concentration in basin surface-water discharge. Where concentrations are below the 
LOR, the LOR level is shown.  
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Figure 9 shows the mean proportions of selected components of the TN and TP. FRP (or 
soluble P) comprises less than 30 per cent of the TP, indicating that most of the phosphorus 
is exported in particulate form attached to soil particles and colloids or as organic matter.  
Organic forms of nitrogen comprise between 36 and 55 per cent of the TN, while the highly 
soluble NO2/3 N forms account for about half of the TN discharged. NH4 N accounts for less 
than 10 per cent of the TN in runoff discharged through the basins. Only the proportion of 
NH4 N is statistically significantly different (at the 95 per cent level of confidence) between 
each basin.  
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Figure 9 Proportions of the components of the TN and TP in basin surface-water discharge 
4.2 Groundwater 
4.2.1 Watertable responses 
The hydrographs showing all manually collected watertable elevation data at each of the 
three basins are shown in Appendix F. The hydrographs in Figure 10 show the depth to 
watertable relative to the ground surface at bores located upslope, within and downslope of 
the basin embankments at CB1, CB2 and CB3. 
Watertables respond to rainfall and seasons at each basin. Following the onset of winter 
rains, the watertables rise and then fluctuate within 0.5 m of the ground surface for most of 
the winter and early spring periods of most years monitored. Figure 10 shows that during 
some winters the watertable reaches ground level for extended periods and the ground is 
waterlogged. During low-rainfall years, such as 2006 and 2010, the watertables don’t rise as 
high or remain elevated for as long in comparison to other years. The average watertable 
gradients are low (average of the gradient, between the upslope and downslope bores at 
each basin, of every watertable observation), being about 0.2, 0.1 and 0.2 per cent at CB1, 
CB2 and CB3 respectively—and are similar to the gradient of the ground surface. 
The watertable response is generally similar between bore locations within each basin. 
Watertables rise to similar elevations during the winter. There are differences between bores 
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in the depth to which the watertable recedes, which are considered to be due to differences 
in soil type (clay content) which affect the rate and depth to which evaporation can draw 
down the watertable over summer.  
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Figure 10 Watertable responses from observation bores at CB1, CB2 and CB3 
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There is no statistically significant time trend in watertable elevation in any bore, at any 
basin. 
4.2.2 Piezometric responses 
Hydrographs of logged groundwater heads recorded in piezometers installed into the deep, 
intermediate and Surficial Aquifers at CB1–CB3 and the comparison site are shown in Figure 
11. Gaps in the data correspond to periods of logger failure. 
At each site there is a consistent downward head potential from the shallow to deeper 
aquifers, and there is a substantial vertical head separation between the shallow Surficial 
Aquifer and the deeper Leederville Aquifer at all sites. At CB1 the separation is about 5 m 
while at the other sites the separation is less, about 2 m at CB2 and 1.5 m at CB3. The 
Comparison Site has the largest separation, of about 6 m. The degree of head separation 
between the Surficial and Leederville Aquifers seems linked to the elevation of the ground 
surface, with the low separations occurring at less elevated sites. This is expected given that 
the Leederville Aquifer has low gradient and is of a regional scale (Hirschberg 1989). 
There are more modest downward head separations between the Surficial and Superficial 
Aquifers, of about 1 m. The separation is much smaller at the comparison site, although a 
consistent slight downward head potential exists. 
The large downward head potentials between the Surficial and Leederville Aquifers at all 
sites indicates that there is a strong potential for vertical leakage. However, detailed 
examination of the hydrographs suggests that there is limited in situ connection between 
them. For example, the magnitude of the head separation varies over time. At all sites the 
Surficial Aquifer heads appear to be highly responsive to winter rainfall (and presumably 
losses from evapotranspiration or leakage). The Superficial Aquifer has a slightly delayed 
and subdued response compared to the Surficial Aquifer except at the comparison site, 
where it would appear that either the two aquifers are better connected or the piezometers 
are not well sealed. The Leederville Aquifer has a much more subdued and delayed 
response at CB1, CB2 and the Comparison Site. At these three sites the annual peak 
piezometric head is reached in the Leederville Aquifer one to two months after the peak in 
the Surficial Aquifer. Also, rapid increases in Surficial Aquifer heads are not apparent in the 
Leederville Aquifer.  
At CB3 the groundwater head response in the Leederville Aquifer is more rapid and less 
delayed than at the other sites, perhaps because its piezometric head is much closer to the 
ground surface. However at CB3 there is still a slight delay – of about 1 week – in the annual 
peak head. At CB3 the groundwater head in the Surficial Aquifer declined slowly and almost 
linearly during the period from late spring 2010 to autumn 2011. However the deeper 
aquifers declined at almost double the rate over the corresponding period, indicating that, as 
for the other sites, the deeper aquifers are not directly connected to the Surficial Aquifer. 
Hydrographs that show the entire length (2002–2012) of groundwater head-logger and 
manual records for piezometers FL03D, I and S at the Comparison site are presented in 
Appendix G, while hydrographs showing the results of manual observations of groundwater 
heads in the shallow and intermediate nests of piezometers installed at CB3 in 2005 are in 
Appendix H. These hydrographs also indicate that there is almost continuous downward 
head potential between the Surficial and Superficial Aquifers over the period 2005–2012. 
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Figure 11 Groundwater heads in piezometers equipped with loggers at each basin site and for the CB2 comparison site 
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4.2.3 EC of groundwater 
Table 4 contains the calculated median and 80th percentile values of the EC of groundwater 
from shallow and intermediate bores at the basin sites. EC is highly variable between bores 
at all three basins. Median EC varies from 40 to 1675 mS/m at CB1, 43–1450 mS/m at CB2 
and 45–9550 mS/m at CB3. The range in 80th percentile EC values is even larger: 53–2400 
mS/m at CB1, 110–1900 mS/m at CB2 and 127–13 520 mS/m at CB3, indicating additional 
temporal variability. Large temporal variability can be seen in many bores at all three basin 
sites (Appendix I, Figures I1–I4). In general, the highest seasonal variability occurs in bores 
that have the highest EC. EC generally peaks during the summer period, when watertables 
are lowest, and reduces during the winter period, when watertables are closest to the ground 
surface. This indicates an in situ concentration of salts as groundwater is lost through 
evapotranspiration and subsequent dilution as rainfall recharges the watertables in winter. 
There is no statistically significant trend in EC over time in any bore. 
4.2.4 pH of groundwater 
The pH of the groundwater is generally slightly acidic, the range in median pH values being 
4.6–6.1 at CB1, 4.3–5.7 at CB2 and 5.1–8.0 at CB3 (Table 4). The range at CB3 is highly 
influenced by one bore site, Well C, which has a 20th to 80th percentile pH range of 7.6–8.5. 
If this well is excluded, the range of median pH at CB3 is 5.1 to 6.9. In comparison to the 
temporal variability in groundwater EC, Figures J1–J3 in Appendix J show that pH has much 
less temporal variability. There is no statistically significant trend in pH over time in any bore. 
4.2.5 Nutrients in shallow groundwater 
Table 4 also contains the median and 80th percentile concentrations of TN and FRP in the 
groundwater from shallow and intermediate bores at the basin sites. Both are highly variable 
between bores at all three basins. TN concentration in groundwater beneath all three basins 
is highly variable and can be extreme. Median TN concentration varies from 1.5 to 36.8 mg/L 
at CB1, 5.7–49 mg/L at CB2 and 0.4–55 mg/L at CB3. The 80th percentile TN concentrations 
can be more than twice the value of the median, indicating additional temporal variability at 
individual bore sites.  
FRP concentration data rather than TP data is presented in Table 4 because the TP analysis 
method involves the digestion of all suspended solids. Groundwater within a bore can 
contain suspended material in the form of dispersed clays, tannins and other organic material 
that is inherently contained within the regolith and may not have been leached as a result of 
management activities at the ground surface. As for EC and TN, median concentrations of 
FRP in the groundwater are also quite variable between bores at all the basin sites. At CB1 
median FRP varies from 0.050 to 1.55 mg/L, although, while the TRP concentrations are 
much lower at CB2 and CB3, they are still quite variable between bores, being 0.003–0.190 
mg/L and 0.050–1.55 mg/L respectively.  
There is large temporal variability in TN concentrations within most bores at each basin site 
(Appendix K, Figures K1–K3). The temporal variability in FRP is much less than for either TN 
or EC, for example, although at each basin some bores also exhibit large variability 
(Appendix L, Figures L1–L3). There is no statistically significant trend in pH over time in any 
bore. 
Figure 12 shows the mean proportions of selected components of the TN and TP in 
groundwater at each of the basins. FRP comprises less than 17 per cent of the TP at CB2 
and CB3, while at CB1 more than 35 per cent of the TP in groundwater is comprised of FRP. 
The mean proportion of FRP in the groundwater at CB1 is significantly different (at the 95 per 
cent level of confidence) to the proportions in CB2 or CB3. The higher proportion of FRP in 
CB1 is consistent with the generally much higher FRP concentration observed in CB1 bores 
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and may indicate either a much higher level of phosphorus fertiliser application over this site 
in the past, or that the soils at CB1 have a much lower ability to sorb applied phosphorus 
fertiliser than the other sites. However, there is insufficient data available to evaluate further 
either of these hypotheses.  
Organic forms of nitrogen comprise on average between 18 and 35 per cent of the TN in 
groundwater. On average the highly soluble NO2/3 forms of nitrogen account for between 60 
and 80 per cent of the TN in the groundwater, while the less soluble NH4 form of nitrogen 
accounts for less than 10 per cent. The average proportions of all three forms of nitrogen at 
CB2 are significantly different (95 per cent level of confidence) to those at either CB1 or CB3. 
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Figure 12 Proportions of the components of the TN and TP in groundwater 
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Table 4 EC, pH, TN and FRP content of the groundwater at the basins 
Basin Bore  EC (mS/m)  pH  TN (mg/L)  FRP (mg/L) 
  Median 80th percentile Median 
20th 
percentile 
80th 
percentile Median 
80th 
percentile Median 
80th 
percentile 
CB1 1S 238 405 6.1 5.9 6.3 25.0 38.0 0.050 0.10 
CB1 2S 78 89 6.0 5.9 6.5 16.0 20.0 0.050 0.05 
CB1 3S 65 79 5.8 5.7 6.0 3.5 5.1 0.019 0.05 
CB1 4S 40 53 4.9 4.3 5.2 10.0 19.5 0.550 0.85 
CB1 5S 54 70 4.6 4.4 4.9 8.1 13.8 1.550 2.20 
CB1 6S 67 125 5.4 5.1 5.7 13.5 23.0 0.600 1.18 
CB1 7S 108 256 5.7 5.4 5.9 1.5 2.8 0.013 0.05 
CB1 8S 53 94 6.1 6.0 6.3 9.2 28.0 0.050 0.05 
CB1 9S 81 93 5.6 5.0 5.9 31.0 41.2 0.023 0.05 
CB1 10s 1675 2400 5.9 5.6 6.3 36.8 60.0 0.011 0.05 
CB2 1S 1450 1900 4.4 4.2 4.7 48.5 65.0 0.009 0.05 
CB2 3S 740 990 5.7 5.4 5.9 6.7 12.8 0.006 0.05 
CB2 5S 135 268 4.3 4.1 4.6 36.5 49.0 0.012 0.05 
CB2 6S 420 710 4.3 4.1 5.6 49.0 65.0 0.009 0.05 
CB2 7S 1175 1350 4.6 4.4 5.1 27.0 38.0 0.005 0.05 
CB2 8S 1450 1550 4.3 4.2 4.5 28.0 41.2 0.014 0.05 
CB2 9S 43 110 5.2 4.9 5.7 7.3 16.0 0.050 0.05 
CB2 10S 230 722 5.6 5.4 5.9 5.7 11.8 0.007 0.05 
CB3 1_04I 310 352 6.6 6.4 6.8 0.4 0.8 0.007 0.05 
CB3 3_04S 420 554 6.3 6.1 6.5 2.9 8.5 0.003 0.05 
CB3 5_04S 1300 1600 6.9 6.2 7.1 3.5 13.4 0.050 0.05 
CB3 6_04S 1625 2070 6.2 6.1 6.6 4.8 6.9 0.003 0.05 
CB3 1_05I 690 710 6.0 5.9 6.2 0.4 1.2 0.003 0.05 
CB3 1_05S 380 479 6.4 6.2 6.7 21.0 29.0 0.018 0.05 
CB3 2_05I 1150 1150 6.4 6.3 6.5 9.8 14.4 0.020 0.05 
CB3 2_05S 113 139 6.3 6.0 6.7 22.0 37.2 0.007 0.05 
CB3 3_05S 175 200 6.5 6.4 6.7 1.0 3.9 0.009 0.05 
CB3 4_05S 110 127 6.3 6.0 6.5 3.8 12.8 0.004 0.05 
CB3 7_05I 1150 1200 6.2 6.0 6.3 0.7 1.7 0.033 0.05 
CB3 7_05S 115 223 6.0 5.8 6.2 8.0 16.6 0.050 0.14 
CB3 8_05S 3900 4250 5.1 4.9 5.4 9.8 12.0 0.050 0.05 
CB3 9_05S 9550 13520 5.6 5.5 5.9 55.0 60.0 0.045 0.05 
CB3 11_05S 275 290 6.7 6.5 6.8 15.0 18.6 0.007 0.05 
CB3 12_05S 45 72 6.7 6.5 6.8 8.3 13.0 0.190 0.32 
CB3 13_05S 400 440 6.7 6.5 6.9 4.2 8.4 0.031 0.05 
CB3 14_05S 360 402 6.5 6.4 6.6 3.7 5.0 0.005 0.05 
CB3 Well A 103 115 6.4 6.3 6.7 26.0 29.0 0.016 0.05 
CB3 Well B 140 150 6.9 6.5 7.4 12.0 15.2 0.010 0.05 
CB3 Well C 170 195 8.0 7.6 8.5 2.3 3.7 0.050 0.05 
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4.3 EM31/38 surveys of soil salinity 
4.3.1 EM31 
Images of relative apparent electrical conductivity (ECa) for the 2005 and 2010 EM31 
surveys are displayed in Figure 13. The yellow- to red-coloured areas indicate areas of high 
(greater than 200 mS/m) to extreme (greater than 300 mS/m) salt storage to about 5 m depth 
in the profile. Dark blue areas have very low salt store (less than 25 mS/m), while lighter blue 
colours indicate low to moderate ECa. Visual comparison of the 2005 and 2010 surveys 
indicates that there has been almost no change in the salinity of the soil profile to 5 m depth. 
  
  
Figure 13 Mapped EM31 response in 2005 (left) and 2010 (right) for the three basins 
A more quantitative method of detecting changes in ECa is to calculate the difference 
between the EM responses of two surveys. This was undertaken by subtracting the 
processed 2005 EM31 values from those obtained in 2010. This is termed the ‘absolute 
difference’, and the results are shown as an image in Figure 14. Dark blue areas have had a 
reduction in ECa by less than 25 mS/m, while in light blue areas ECa levels have increased 
by up to 25 mS/m. There is an almost equal distribution of light and dark blue areas over the 
survey area. Comparatively smaller and more isolated areas of yellow and red in Figure 14 
indicate land where ECa has increased by 25–50 mS/m and 50–75 mS/m respectively, which 
are relatively minor changes. 
In Figure 14 there are dark blue linear features in the absolute difference map that indicate 
reduced ECa at CB1 and CB2. The position of these linear features coincides with the 
location of the basin embankments. By contrast, at CB3 light blue linear features indicating 
slightly elevated ECa in 2010 align with the basin embankments and associated 
infrastructure. The embankments and infrastructure at CB3 were in place during the 2010 
survey but absent when the 2005 survey was undertaken. The clayey material imported for 
the basin embankments has a much higher inherent ECa than the sandy-surfaced soil it 
replaced, which may explain the apparent increase in ECa along their alignment. 
Additionally, highly conductive infrastructure (e.g. fence lines) surrounding the basin walls 
that have been installed subsequent to the 2005 survey at CB3 are also likely to affect the 
2010 EM31 response in their vicinity. 
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The colours in the images in Figure 14 are stippled. This artefact is considered to be a 
consequence of the 2010 survey traverse alignment not exactly following the alignment of 
the 2005 survey. If multiple surveys do not exactly align, the inherent small-scale spatial 
variability in soil EC results in the difference maps having multiple repetitive small areas of 
apparent decreased EC alongside similar sized areas of increased EC, as evident in Figure 
14. The resultant stippled effect can be reduced during data processing by increasing the 
gridded cell size and/or search radius of the computer software used for contouring the raw 
EM data. However, this processing method was not undertaken as it can reduce the 
resolution of the resultant base survey images. 
It is therefore likely that there is a combination of factors responsible for producing the 
smaller scale and isolated anomalies in the EM31 difference image. These should therefore 
be regarded as survey artefacts, rather than being indicative of any changes in the EC of the 
soil profile. 
 
 
 
Figure 14 Map of absolute difference in EM31 response between 2010 and 2005 surveys 
4.3.2 EM38 
Images of relative apparent electrical conductivity (ECa) for the 2005 and 2010 EM38 
surveys are displayed in Figure 15.The light blue, yellow and red areas in Figure 15 indicate 
mild (less than 100 mS/m), moderate (less than 200 mS/m) and extreme (greater than 200 
mS/m) shallow salinity levels respectively. In terms of effects on agricultural productivity, 
these values correspond to mild (25–50 per cent), moderate (50–75 per cent) and severe 
(where most of the productive pasture species are unable to persist) losses of pasture 
production (George & Bennett 1999). 
The spatial pattern of EC distribution in the EM38 surveys generally aligns with that recorded 
from the deeper penetrating EM31 surveys (Figure 13). This indicates that salt levels 
shallower in the profile are linked to deeper salt storage, as may be expected in a primarily 
one-dimensional shallow hydrological system where seasonally fluctuating shallow 
watertables, together with high evaporation rates, draw salt towards the surface from depth. 
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Figure 15 Mapped EM38 response in 2005 and 2010 for the three compensating basins 
A visual comparison of the EM38 images from the 2005 and 2010 surveys indicates that the 
salt-affected areas have remained in similar positions, although the conductivity of these 
areas has generally increased and they have grown in size slightly. The absolute difference 
image (Figure 16) shows these changes in greater detail and indicates that shallow ECa 
levels have risen across sections of the surveyed area. Changes are represented by light 
blue to green (up to 25 mS/m increase), yellow (25–50 mS/m increase) and red (50–75 
mS/m increase) colouration. There are also several large areas that show a slight decrease 
to no apparent increase, represented by darker blue colours. Areas exhibiting an apparent 
decrease in ECa include: areas to the south-west and north-east outside of CB1, areas 
outside and to the north and east of CB2, and areas outside and to the south-east of CB3. 
As for the EM31 results, much of the isolated stippling effect apparent on the image in Figure 
16 is likely to be an artefact of slightly non-aligned survey traverses and subsequent data-
processing effects. 
 
Busselton compensating basin hydrology 
 27 
 
 
Figure 16 Map of absolute difference in EM38 response between 2010 and 2005 surveys 
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5. Discussion 
5.1 Surface water 
The compensating basins are yet to be tested with respect to their operational design, with 
CB1 and CB2 only partially filling to levels corresponding to less than the one-year ARI on 
two occasions (winters of 2005 and 2009) since construction. CB3 is yet to be operationally 
tested. As therefore may be expected, the basins have had no measurable effect on any of 
the water-quality parameters monitored in the runoff water discharged through the basin 
outlet structures. 
Given that the basins have had negligible effect on surface-water flows, the summary water-
quality data in Table 3 provides a baseline to the stream water quality of the catchments in 
which they operate. ANZECC & ARMCANZ (2000) Water Quality Guidelines suggest that 
baseline monitoring can enable the derivation of site-specific trigger values (TVs) for relevant 
water-quality physical and chemical (physico-chemical) stressor parameters, as well as 
provide the data against which future changes can be assessed. Baseline monitoring 
conducted over a two-year period is recommended. The 20th and/or 80th percentile value 
(depending on whether the parameter has a detrimental effect at high or low concentration or 
value, or both) of each relevant physico-chemical parameter may then be used as the site-
specific TV. In the absence of site-specific TVs, region-specific ANZECC & ARMCANZ 
(2000) default TVs are recommended. 
Table 5 compares the 80th (and 20th for pH) percentile values from the basins with the 
ANZECC & ARMCANZ (2000) default trigger values (for slightly to moderately disturbed 
systems in south-west Australia). For the EC and nutrient parameters, the baseline 
concentrations in the catchments on which the basins are located greatly exceeds the default 
TVs. Therefore the basins operate in catchments that can be characterised as being 
moderately to highly modified in terms of water quality. This is the result of catchments 
encompassing farmland that has been cleared for more than 100 years.  
Table 5 Basin surface water discharge quality compared to ANZECC & ARMCANZ (2000) default trigger 
values plus district values and targets determined in WQIP 2010  
 EC (mS/m) 
pH 
(20th–80th 
percentile) 
TN  
(mg/L) 
NO2/3 N 
(mg/L) 
NH4 N 
(mg/L) TP (mg/L) 
FRP 
(mg/L) 
Stream at CB1 80th percentile 
(plus 20th percentile for pH) 51 6.5–7.0 1.7 0.56 0.1 0.25 0.05 
Stream at CB2 80th percentile 
(plus 20th percentile for pH) 45 6.6–7.1 2.6 1.44 0.14 0.30 0.05 
Stream at CB3 80th percentile 
(plus 20th percentile for pH) 52 7.1–8.4 5.2 4.92 0.12 0.21 0.05 
ANZECC & ARMCANZ (2000) 
default trigger values 12–30 6.5–8.0 1.2 0.15 0.08 0.065 0.04 
WQIP 2011 catchment target 
concentrations (WQIP 2010)    1   0.1  
Geographe Bay catchment median 
concentrations (WQIP 2011)   0.75–4.1   0.01– 0.56  
TN and TP concentration data from the basin catchments also are within the range of data 
from several surrounding catchments that discharge into the local Vasse Wonnerup 
Wetlands and Geographe Bay (WQIP 2010). WQIP (2010) defines targets for water quality in 
Busselton compensating basin hydrology 
 29 
streams in the district based on assessment of available surface-water-quality data. 
Summary WQIP (2010) data and targets for TN and TP concentrations in streams are also 
shown in Table 5. Comparison of the WQIP and basin outlet water-quality data indicate that 
the basins are located in catchments that exceed the district water-quality targets, as do 
most of the other agriculturally developed catchments in the district. 
In an intensive farm-scale study conducted on the Vasse Research Station (within the 
catchments for CB1 and CB2), Staines et al. (2011) showed that the amount of N in runoff 
was highly related to the N surplus of the farming system and that vegetative productivity is 
the likely main factor that determines how much N is lost in runoff. Staines et al. (2011) also 
concluded that the overall P status of the soil-surface ‘crust’ is likely to be the main 
determinant of P runoff. It therefore seems that agricultural management in the catchments 
that generate runoff to the basins will have the dominant influence on nutrient concentrations 
in the surface water discharged from them over the longer term.  
The basins could have some effects on surface-water quality when they are operating during 
flows that create flooding, which may include: 
 Reduction in concentration of particulate forms of N and P by settling, although this 
mechanism is poorly understood locally (WQIP 2010, Bennett 2008). 
 Increased concentration of soluble P caused by dissolution of sorbed P off the soil 
surface, across a concentration gradient to the floodwaters. This is thought to be the 
main process responsible for the mobilisation of soluble P into runoff waters on the 
sandy soils on the Swan Coastal Plain (Summers et al. 1993). 
 Increased EC caused by dissolution of salts from the soil across a concentration 
gradient into the floodwaters.  
However, these effects are probably quite minor, given the relatively small amount of water in 
contact with the soil compared to the flood volume, and would be difficult to quantify against 
the background of other catchment-scale processes that generate nutrient runoff, during 
flood events in particular. While a continued surface-water-quality monitoring program may 
continue to provide additional baseline data and may identify trends or changes, it would be 
almost impossible to distinguish if any such changes are attributable to the basin operation or 
some other process or management change within the catchments. It is therefore 
recommended that routine water-quality sampling of the outlet water not be continued. A 
continuation of the automated flood-depth monitoring within each basin is justified, as it 
provides a basis on which to assess the flood mitigation performance. It also provides a 
record of flood events that may be useful in assessing if any other hydrologic-related 
changes that may appear could be the result of the basins’ operation in the future.  
Rather than using flow based surface-water quality monitoring, the impact of the basins on 
shallow (0.1 m) soil-nutrient levels or salinity on land within their embankments would be 
better assessed by direct sampling and analysis of the soil. Commercial systems for routine 
monitoring of nutrient, salinity and pH levels in agricultural soils are well developed, and the 
agricultural managers of the land within the basins should be encouraged to undertake 
routine soil testing. Commercial soil-testing systems provide recommendations for the 
correction of deficiencies and problems that may impact agricultural production, and also 
could provide a temporal record of changes to soil properties.  
5.2 Groundwater level 
Watertables in and around the basins show a strong seasonal pattern of fluctuation. 
Watertables rise to the near surface during winter and decline to more than 1 m depth over 
summer. This pattern is highly typical of the watertable responses of the Swan Coastal Plain 
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in the Busselton area (Bennett et al. 2007, Bennett 2008). Most of the areas within the 
compensating basins, with the exception of sandy ridges, are affected by waterlogging each 
winter, with watertables at or near the surface for most of the winter and early spring (Figure 
10). The watertable responses (together with the low gradients) confirm the typically one-
dimensional nature of the recharge to and evapotranspiration from the shallow aquifers 
present. As would be expected, given the absence of any prolonged or regular period of 
inundation and the one-dimensional system, there are no differences between the watertable 
responses inside, downslope and upslope in each basin. 
Approximately 40 per cent of the Swan Coastal Plain is affected by waterlogging (Tille et al. 
2001) as a result of high winter rainfall and low gradient. Waterlogging affects pastures by 
restricting their root development and reducing growth rates during winter and early spring. 
The prevailing pasture species, clover and ryegrass, survive the long periods of waterlogging 
by having very shallow (sometimes semi-aerial) root systems; however growth rates are 
greatly reduced during extended periods of waterlogging. Short-duration inundation events 
(less than about 72 hours) in the basins are unlikely to have any additional impact on the 
severity of the normal effects of waterlogging. Flood events are most likely to occur during 
winter, when the soil profile is likely to be already saturated and pastures have ‘adapted’ to 
waterlogged conditions. 
When the basins are operating there is the potential that the resultant additional hydraulic 
loading on the Surficial Aquifer may be transferred vertically and laterally into the Superficial 
and Leederville Aquifers. However, the logger data from separate piezometers installed into 
the three aquifers at each site (Figure 11) suggests that there is not a direct connection 
between aquifers. There are persistent head differences between the Surficial, Superficial 
and Leederville Aquifers and a delayed, subdued or absent response in the deeper aquifers 
to the rapid changes in the Surficial Aquifer caused by rainfall events. 
The data indicate that the Leederville Aquifer is receiving much of its recharge from up-
gradient in distant elevated areas (the Darling and Whicher Scarp), a conclusion also 
reached by Hirschberg (1989). The thick sequences of bedded silt or clay material at the 
sites (as described in the drilling logs, Appendix 1) also suggest poor connectivity between 
layers. These are quite similar to those described for many bore sites in the Abba soil-
landscape system (Bennett et al. 2007). Bennett et al. (2007) concluded, based on 
groundwater chemical analysis, groundwater dating, groundwater head relationships and 
lithology, that there is poor connectivity between the Surficial and deeper aquifers in the 
region. On this basis, Bennett et al. (2007) concluded that the risk of deep leaching of the 
high nutrient concentrations found in the Surficial Aquifer was low. 
However, because the hydraulic connection between the Surficial Aquifer and sandy beds 
within the Superficial Aquifer is spatially variable (depending on the localised extent and 
arrangement of clayey material) there is the potential for the two aquifers to be well 
connected within the basins when they are flooded. Also, the effect of additional hydraulic 
loading (during periods when the basins are flooded) on the deeper aquifers or the potential 
for localised effect downstream has not yet been determined. This is because there has not 
been a flooding event during the period when the piezometric pressures in the various 
aquifers have been measured by loggers. It is therefore recommended that monitoring of 
water levels using loggers be continued in the piezometers installed within and downslope of 
each basin, at least until a significant flooding event within the basins (e.g. at least a 10-year 
ARI event) is experienced. 
It is recommended that water levels in piezometers 2D_06, 3I_06, 4S_06, 5S_06, 6I_06, 
9D_06, 10I_06, 11S_06, 12I_06, 13S_06, 14D_06, 15I_06, 16S_06, 17I_06 and 18S_06 
continue to be automatically logged at four-hourly intervals with dataloggers. These 
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piezometers are well positioned and constructed to enable determination of the effect of 
hydraulic loading (during flood events) on the three aquifer systems.  
5.3 Groundwater quality 
There is a large variation in the groundwater EC in the Surficial Aquifer between bores at the 
three basin sites (Table 4 and Appendix I), which is reflects the high spatial variability of salt 
store in surface soils in this area of the Swan Coastal Plain. Large spatial variability in 
shallow groundwater EC has also been recorded in more than 60 shallow bores located on 
the Vasse Research Centre that have been monitored since 1983 (Department of Agriculture 
and Food AgBores Database, data accessed March 2012). Strong seasonality in the EC 
levels in most bores is due to cycles of winter recharge and summer evapo concentration. 
Rapid short-term salinity reductions, in some shallow observation bores in particular are 
spurious, likely caused by leakage of fresh surface waters into the bore annulus.  
Longer term trends in groundwater EC are not apparent in the basin bores as they have only 
been operating for ten years. However, longer term monitoring at the Vasse Research 
Centre indicates that there are temporal variations in salinity levels over cycles lasting 
several years (Bennett & George 2005). This indicates that groundwater EC at the basins 
can be expected to change over periods of several years due to factors unrelated to the 
operation of the basins.  
The concentration of TN in the shallow groundwater at the basins is highly variable 
temporally and spatially. Most of the TN is in the NO2/3 form, which is the most readily 
leachable form of nitrogen (Whitehead 1995). At all three basins the median and 80th 
percentile TN levels in groundwater from many of the bores exceed the World Health 
Organisation drinking-water guideline of 11 mg/L of N present as NO2/3 and always exceed 
the EPA (1993) guidelines for aquatic ecosystems (0.01–0.75 mg/L) and the local runoff 
target of 1 mg/L (WQIP 2010). 
The groundwater TN concentrations recorded, while high, are not unusual beneath farmlands 
in the district. In a farmlet nitrogen study, Staines et al. (2011) report a range of TN 
concentrations in the Surficial Aquifer (at the Vasse Research Centre) that exceeds the 
range recorded under the basins. They found that the TN concentration in groundwater was 
related to the nitrogen surplus of the farming system, with more productive systems having a 
much higher N footprint in the shallow groundwater. Staines et al. (2011) also found similar 
high variability between sampling points within similar farming systems and concluded that 
this was a consequence of large spatial variability in N distribution by grazing animals in the 
paddocks. George et al. (1999) also found large groundwater N concentrations, with much 
higher levels occurring in areas where cattle prefer to camp or along routes of travel.  
Microvariability due to uneven urine deposition by grazing stock makes it very difficult to 
obtain meaningful N concentrations from isolated sampling points, particularly for shallow 
aquifers. Nitrogen researchers such as Eckard et al. (2004) have resorted to sampling from 
slotted horizontal drainage pipes, paddock-scale subsurface drainage systems or highly 
replicated suction cup lysimeter samplers to overcome the sampling problems caused by the 
uneven nature of N distribution in urine under grazing systems. Grazing ruminants excrete (in 
urine and manure) 75–95 per cent of the total N consumed from pasture or supplementary 
feeds. N is therefore deposited in small patches, typically covering 25 per cent of land area 
per year under moderate to high cattle stocking rates. While most faecal N is broken down 
slowly, urine contains extremely high concentrations of plant-available N, typically the 
equivalent of 500–1000 kg N/ha. High levels of N applied in fertiliser or supplementary feeds 
further increase urinary N concentrations. As a result seasonal responses in TN levels are 
evident in many of the shallow bores, with the highest levels occurring in late winter/spring. 
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These follow the period of highest leaching in winter, when high nitrate levels at the soil 
surface are flushed into the shallow watertable as described in Staines et al. 2011. 
FRP concentrations in shallow groundwater are low, being within local targets at most bores. 
However there is considerable spatial variability, with some bores having high concentrations 
(Table 4). As for N, this could be due to spatial variability of P input from fertiliser, stocking 
intensity or other agricultural management practices. However, the variability could be also 
due to variations in the soils’ inherent capacity to sorb the P inputs and that at some 
locations the soil profile has become ‘saturated’ with the P load it has received from 
agriculture. ‘Breakthrough’ leaching of soluble P can occur in sandy soils with low P-sorption 
capacity (Zhao et al. 2007) resulting in P leaching into groundwater. As expected with a 
relatively soil-stable nutrient like P, there is low seasonal variation in FRP concentrations. 
The nutrient levels observed in the groundwater could be of both human health and 
environmental concern if the shallow groundwater was mobilised to surface flows or deeper 
aquifers respectively. However, in the catchments where the basins are located other studies 
have shown a low risk of these processes under current agricultural management (Bennett et 
al. 2007, Bennett 2008). With respect to runoff the risk is considered low primarily because of 
the low lateral groundwater gradients, while for deep leaching it is because of the low 
connectivity between deep and shallow aquifers.  
However, the inferred poor connection between aquifers under the basins has not as yet 
been tested during operational conditions, when the basins are flooded. The risk of deep 
nutrient leakage is probably better tested by monitoring aquifer head relationships to define 
the risk rather than by continued direct sampling and analysis of nutrient concentrations in 
the groundwater, which can become costly. The inherent spatial and temporal variability of 
groundwater nutrient concentrations observed in this study, and by others, would make 
meaningful assessment of any impact from the basins by this means very difficult. Changes 
to agricultural management of the land within the basins that may occur over time would add 
to the difficulty of interpreting the cause of any changes to groundwater quality. Additionally, 
groundwater sampling points such as bores, with above-ground piping (and marker posts), 
also attract livestock out of curiosity or become a rubbing point which can lead to increased 
or disproportionate nutrient deposition in that area. 
5.4 EM mapping and soil salinity 
The EM38 and EM31 maps of soil ECa exhibit the typical patterns of response expected 
from a relatively flat landscape with variable salt store, such as on the Swan Coastal Plain. 
Patterns in the maps reflect variations in microtopography, clay content and depth to clay, all 
factors that can affect salt leaching and salt concentration by evapoconcentration of salts 
from shallow watertables. 
EM patterns can also reflect regional variations in erosion, sedimentation and other soil 
forming (and removal) processes, overprinted by hydrological factors (such as the depth to 
watertable). Similar variability in soil salinity has also been measured at Vasse Research 
Centre and at other locations on the Swan Coastal Plain during large-scale surveys with the 
EM31 and EM38 instruments (George & Bennett 1999). 
When comparing the 2005 and 2010 EM31 surveys using the ‘absolute difference’ map 
(Figure 14), the scale of the values shown should be considered: blue and green areas 
indicate less than 25 mS/m change in EC, yellow areas a 25–50 mS/m increase, while 
orange and red areas indicate a 50–75 mS/m increase. For EM surveys, conductivity 
changes of less than 25 mS/m are relatively small and are well within the inherent variability 
in instrumentation, data collection and processing over two separate surveys. Figure 14 
shows that almost all of the areas surveyed have had a change of less than (plus or minus) 
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25 mS/m indicating that there was no measurable change in deeper (to 5 m) saltstore 
between 2005 and 2010.  
Small isolated yellow- and red-shaded areas on the EM31 difference map (Figure 14), at 
CB3 in particular, suggest EC has increased in these areas by up to 75 mS/m. However, the 
relatively small size and isolated nature of many of these areas suggests that factors other 
than temporal changes in soil EC may be responsible. Changes in conductive infrastructure 
(such as fencelines, gates, steel bore casing and other metal structures) and earthworks 
during construction (such as imported clay for embankments) are the likely cause of the 
isolated areas of apparent increased EM31. This is particularly likely to be the case at CB3, 
where none of the basin infrastructure was in place when the 2005 survey was undertaken.  
As for the EM31, changes in EM38 values of plus or minus 25 mS/m represent the minimum 
resolution of this surveying process and are therefore not considered to be indicative of 
actual shallow soil-salinity change. However increases in shallow EM38 levels above 25 
mS/m, especially where they occur across broad areas, are likely to indicate significant 
increases in shallow soil EC. From Figure 16 there are several broad areas where it appears 
that the shallow soil-salinity levels have generally increased. Areas of increase include the 
central section of CB1, the area between CB1 and CB2, and the western section of CB3, 
both inside and outside the basin.  
It is unlikely that the areas that have an apparent increase in shallow soil salinity (EM38) has 
been caused by the operation of the basins, particularly as areas of CB3 show similar 
increases to the other basins yet this basin has only recently been constructed and has 
never experienced a flood event. While it is possible that the increase in EM38 seen in areas 
could be caused by the basins, there are also other factors such as seasonal conditions and 
agricultural management that are more likely to be responsible. Preceding seasonal 
conditions are known to have a marked effect on the vertical distribution of salt in soil 
profiles. On the Swan Coastal Plain, land managers often report that salinity effects on 
pasture species appears to worsen after lower than average rainfall winters (and vice versa). 
This is because reduced rainfall lessens the ability of salts (that accumulate in the surface 
layers via evaporation) to leach vertically or be removed offsite by surface runoff. This is a 
common observation on sandy-surfaced soils, overlying shallow watertables and clayey 
layers containing significant salt stores. Unfortunately 2010 was one of the driest years on 
record in the region, meaning that during the 2010 winter there was limited capacity for 
leaching or export of salts in runoff. For example, no runoff was recorded from experimental 
catchments located on the Vasse Research Centre in 2010. By contrast the 2005 season 
was much wetter, with about twice the rainfall than in 2010 (1037 mm in 2005 compared to 
581 mm in 2010) recorded by the Vasse Station automatic weather station operated by 
DAFWA. 
From Figure 16, areas that exhibit larger increases in soil EC are generally those that had 
inherently higher salt stores as expressed in both surveys. The areas that have a significant 
salt store are more predisposed to salt concentrating in shallower layers in periods of low 
rainfall, when leaching and flushing are minimised. There has been almost no change in the 
overall salt store in the profile (as measured by the EM31, Figures 2 and 3), indicating that 
the apparent increase in salt storage within the shallow layers (EM38) are more likely to be 
the result of vertical redistribution of salts rather than any additional salt accumulation.  
While it is considered unlikely that the operation of the basins has had any significant effect 
on the soil-salinity levels to date, it is recommended that EM31/38 surveying continue in the 
future as a way of tracking soil-salinity changes. The next survey should be undertaken after 
another period of at least 5 years and following a significant basin inundation event, such as 
at least a 10-ARI event. Consideration should be given to delaying the re-survey for up to an 
additional 5 years until such an event has occurred. To minimise prior climate effects on the 
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distribution of salt in the soil profile, repeat surveying should be undertaken at the same time 
of the year (November or December) and ideally following a year of about average rainfall, 
unless following an inundation event. It is also recommended that the coordinate data that 
defines the survey traverses from the 2010 survey be retained so that repeat surveying can 
be undertaken along the same traverse alignments (guided by automated GPS guidance 
equipment if possible) to minimise errors associated with non-aligned survey traverses. 
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6. Conclusions and recommendations 
The results and analysis undertaken to date indicate that the basins have had no measurable 
impact on the quality of the surface-water runoff that discharges through their outlet control 
structures. This is predictable given that they have operated under limited flood conditions for 
brief periods since they were constructed. In addition, any changes they may cause to 
surface-water quality are probably likely to be minor and difficult to distinguish from the 
background of other catchment-scale processes that affect water quality in this cleared 
farming environment, during flood events in particular. 
Nonetheless the surface-water-quality monitoring program to date has adequately defined 
the baseline water-quality condition of the basins’ catchments—as being of a moderately to 
highly disturbed environment, similar to other agricultural catchments in the district. 
Continuation of the surface-water-quality monitoring program is not warranted, although the 
continued automated flood-depth monitoring is recommended.  
Observations of piezometric responses to date indicate that deeper aquifers beneath the 
basins are hydraulically separated from the influence of flooding within the basins. However, 
this has not been tested under flooded conditions, when the additional hydraulic loading may 
cause a hydraulic response in deeper aquifers. It is therefore recommended that monitoring 
of water levels using loggers be continued in the piezometers installed within and downslope 
of each basin, at least until a significant inundation event (e.g. at least a 10-year ARI event) 
is experienced in the basins. 
Observations of groundwater quality indicate extreme spatial and temporal variability in and 
around the basin sites. Similar variability has been shown by other studies in the district, and 
is the likely result of agricultural management and climatic and soil property variability. It was 
not possible to determine any effects of the basins on groundwater quality from the data, and 
it is considered unlikely that continuing the sampling program will be useful in this respect in 
the future. It is recommended that the groundwater-quality sampling program cease. Instead 
it is recommended that the piezometric response observations continue, to determine the 
differential head variations as described above. This will provide a better indication of any 
added risk that the operation of the basins will have on any transfer of shallow groundwater 
into deeper aquifers. Should future piezometric data indicate the likelihood of direct transfer 
of shallow ground water to deeper aquifers, initiation of a targeted groundwater quality 
sampling program should be considered. 
It is also recommended that the managers of land within the basins adopt a program of 
regular soil-testing for nutrients, pH and salinity to enable timely identification and correction 
of changes induced by the operation of the basins. If annual soil-test data is compiled it will 
also provide indication of added leaching (or deposition) of nutrients and salt caused by the 
basin operation.  
Results from the first two geophysical surveys indicate that there was minimal change to salt 
storage in the soil profile to 5 m depth under or adjacent to the basins between 2005 and 
2010. Small changes apparent in both the EM31 (deep) and EM38 (shallow) geophysical 
surveys are considered to be within the range of expected errors of the survey 
methodologies used. While the surveys indicated that there are some large areas that 
displayed an increase in shallow salt storage, it is most likely that these are the result of 
changes in vertical distribution of salt in the profile—and were not due to the operation of the 
basins to date. The changes are more likely to have been caused by the antecedent rainfall 
conditions, particularly the drought of 2010, which are likely to have resulted in elevated 
shallow EC levels in the 2010 survey in areas that have significant pre-existing salt stores.  
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It is recommended that EM31/38 surveying continue in the future as the primary method of 
tracking soil-salinity changes. The next geophysical survey should be undertaken after 
another period of at least 5 years and only follow a significant basin inundation event, such 
as at least a 10-year ARI event. 
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Appendix A Drilling logs for CB1 
 
 
Busselton compensating basin hydrology 
40 
B
usselton com
pensating basin hydrology 
 
 
 
Busselton compensating basin hydrology 
 41 
 
 
Busselton compensating basin hydrology 
42 
B
usselton com
pensating basin hydrology 
 
Busselton compensating basin hydrology 
 43 
 
Busselton compensating basin hydrology 
44 
B
usselton com
pensating basin hydrology 
 
Busselton compensating basin hydrology 
 45 
 
 
Busselton compensating basin hydrology 
46 
B
usselton com
pensating basin hydrology 
Appendix B Drilling logs for CB2 
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Appendix C Drilling logs for CB3 
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Appendix D Basin discharge and storage characteristics 
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Appendix E GroundProbe EM data acquisition and 
processing report 
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Appendix F Manually observed groundwater elevations  
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Figure F1 Watertable elevations in bores at CB1 
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Figure F2 Watertable elevations in bores at CB2 
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Figure F3 Watertable elevations in bores at CB3 
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Appendix G Hydrographs for piezometer nest FL03 from 
the entire data set 
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Appendix H Hydrographs of shallow and intermediate piezometers at CB3 
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Appendix I EC of groundwater 
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Figure I1 EC of groundwater at CB1 
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Figure I2 EC of groundwater at CB2 
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Figure I3 EC of groundwater at CB3 for bores and wells having an EC less than 1000 mS/m  
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Figure I4 EC of groundwater at CB3 for bores having an EC greater than 1000 mS/m  
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Appendix J pH of groundwater 
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Figure J1 pH of groundwater at CB1 
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Figure J2 pH of groundwater at CB2 
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Figure J3 pH of groundwater at CB3 
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Appendix K TN in groundwater 
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Figure K1 TN concentration in groundwater at CB1 
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Figure K2 TN concentration in groundwater at CB2 
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Figure K3 TN concentration in groundwater at CB3 
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Appendix L TP in groundwater 
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Figure L1 FRP concentration in groundwater at CB1 
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Figure L2 FRP concentration in groundwater at CB2 
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Figure L3 FRP concentration in groundwater at CB3 
 
 
 
 
 
 
 
 
 
 
 
